SPECIFICATION 



Electronic Version 1.2.8 
Stylesheet Version 1 .0 

METHOD AND APPARATUS OF 
ACQUIRING LARGE FOVIMAGES 
WITHOUT SLAB-BOUNDARY 

ARTIFACTS 

Background of Invention 

[0001] The present invention relates generally to an improved method of medical imaging 
over large areas, and more particularly, to a method and apparatus of acquiring 
magnetic resonance (MR) images over an area that is greater than the optimal imaging 
area of an MR scanner using step-wise movement of a table through the MR scanner 
without incurring slab-boundary artifacts. 

[0002] When a substance such as human tissue is subjected to a uniform magnetic field 
(polarizing field B ), the individual magnetic moments of the spins in the tissue 
attempt to align with this polarizing field, but precess about it in random order at 
their characteristic Larmor frequency. If the substance, or tissue, is subjected to a 
magnetic field (excitation field B ^ ) which is in the x-y plane and which is near the 
Larmor frequency, the net aligned moment, or "longitudinal magnetization", M , may 
be rotated, or "tipped", into the x-y plane to produce a net transverse magnetic 
moment M . A signal is emitted by the excited spins after the excitation signal B ^ is 
terminated and this signal may be received and processed to form an image. 

[0003] 

When utilizing these signals to produce images, magnetic field gradients (G ^ C 

and G ) are employed. Typically, the region to be imaged is scanned by a sequence 
z 

of measurement cycles in which these gradients vary according to the particular 
localization method being used. The resulting set of received MR signals are digitized 
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and processed to reconstruct the image using one of many well known reconstruction 
techniques. 

[0004] In such MRI systems, the volume for acquiring MR data with optimal gradient 

linearity, having a uniform magnetic field B , and uniform radio frequency (RF) 

o 

homogeneity is of limited extent. Desired fields-of-view (FOV) that exceed this limited 
volume are traditionally acquired in sections, with table motion between scans. The 
resulting concatenated images often exhibit discontinuities at the slab junctions. 
These slab-boundary artifacts result in non-ideal images. When these artifacts are 
either severe or occur in a critical region-of-interest, complete re-acquisition of data 
may be needed for a thorough analysis. 

[0005] It would therefore be desirable to have a new method and apparatus that allows 
coverage of large FOV without slab-boundary artifacts in the resulting concatenated 
images. 

Summary of Invention 

[0006] The present invention relates to a system and method of acquiring large FOV MR 
images using incremental table motion for increased volume coverage that results in 
reconstructed images without discontinuities. 

[0007] 

Slab-boundary artifacts are eliminated in a 3D acquisition sequence by stepping 
an imaging object with respect to the optimal volume of the imaging apparatus, or 
vice versa. For example, stepping a moveable table in small increments and using a 
unique acquisition and reconstruction scheme. The thickness of the slab, which is 
smaller than the desired FOV, is selected to remain within the optimal volume of the 
MR system. The selected slab position remains fixed relative to the magnet of the MR 
scanner during the scan, and the table is moved in incremental steps during scanning 
of the entire FOV. MR data is acquired by applying an excitation that excites spins and 
applying magnetic field gradient waveforms to encode- the volume of interest. The 
volume of interest is restricted in the direction of table motion. The magnetic field 
gradients traverse k-space following a trajectory that is uniform in the k-space 
dimension that is in the direction of table motion. The magnetic field gradient 
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waveforms that encode the k-space directions perpendicular to table motion are 
divided into subsets. At each table position, all the k-space data in the direction of 
table motion are acquired for a subset of the remaining two k-space dimensions. 
After acquisition, data is transformed in the direction of table motion, sorted, and 
aligned to match anatomical locations in the direction of table motion. This procedure 
is repeated to fill the entire 3D matrix. A final image is reconstructed by transforming 
the data in the dimensions perpendicular to table motion. This stepped table 
approach provides reconstructed images absent of slab-boundary artifacts over large 
FOV imaging areas. 

[0008] In accordance with one aspect of the invention, a method of imaging large 

volumes without resulting slab-boundary artifacts includes defining a desired FOV 
ii\ larger than an optimal imaging volume of an MR scanner and selecting a slab 

thickness in a first direction that is smaller than the desired FOV but that is within the 



! J H optimal imaging volume of the MR scanner. MR data is then acquired by exciting and 

encoding spins to acquire data that is restricted to the selected slab thickness. The 
imaging area is then moved step-wise with respect to the imaging object using a step 
distance that is preferably a multiple of the image resolution in the direction of table 
motion. This process is repeated until the desired FOV is fully encoded using a series 
of cyclically repeated magnetic field gradient waveforms. Scan time can be minimized 

M 

by applying time-varying magnetic field gradient waveforms during signal acquisition. 

I. ft ' 

^ The selected trajectory need only be uniform in the direction of motion. Artifacts are 

reduced by using stepped acquisitions as opposed to continuous motion acquisitions. 



i ! J 



[0009] 



In accordance with another aspect of the invention, an MRI apparatus is disclosed 
to acquire multiple sets of MR data with a moving table and reconstruct MR images 
without slab-boundary artifacts that includes a magnetic resonance imaging system 
having an RF transceiver system and a plurality of gradient coils positioned about a 
bore of a magnet to impress a polarizing magnetic field. An RF switch is controlled by 
a pulse module to transmit and receive RF signals to and from an RF coil assembly to 
acquire MR data. A patient table is moveable fore and aft in the MR system about the 
magnetic bore to translate the patient so that an FOV larger than the optimal scanning 
area of the MRI system can be scanned. A computer is programmed to receive input 



Page 3 of 31 



defining a desired FOV larger than the optimal imaging volume of the MR system. The 
computer is also capable of defining a fixed slab with respect to the magnet to 
acquire the MR data therein. The computer then acquires full MR data in the direction 
of table motion for a subset of the data in the directions perpendicular to table 
motion, and then increments position of the patient table while maintaining the 
position of the fixed slab. The algorithm is repeated, collecting the necessary MR data 
across the defined FOV. To reconstruct the image, the MR data is first transformed in 
the direction of table motion, and then aligned to match anatomic locations across 
slab boundaries. Thereafter, the MR data is transformed with respect to the remaining 
two dimensions to reconstruct an MR image. 

[0010] Yet another aspect of the invention includes a computer program having a set of 
instructions executed by a computer to control a medical imaging scanner and create 



direction for each table movement. The computer then causes a patient table to move 
an incremental step with respect to the medical imaging scanner, and repeat the 
image data acquisition in the first direction for he remaining two directions until 
sufficient data is acquired across the entire FOV. An image can be reconstructed 
without slab-boundary artifacts after aligning anatomical data in the first direction. 

[001 1] Various other features, objects and advantages of the present invention will be 
made apparent from the following detailed description and the drawings. 




images across scanning boundaries without significant boundary artifacts. The 
computer is caused to select an FOV spanning an area greater than a predefined 
optimal image area of the medical imaging scanner, apply an RF pulse to excite a 
region of interest, and apply magnetic field gradients to encode the region of interest 




in a first direction. The volume of interest is limited in the direction of table motion 



either by using a slab-selective RF pulse or by acquiring the data in such a way that an 
acquisition filter can be used to restrict the spatial extent. Three-dimensional image 
data can then be acquired in the first direction as a subset of a second and third 



Brief Description of Drawings 



[0012] 



The drawings illustrate one preferred embodiment presently contemplated for 
carrying out the invention. In the drawings: 
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[001 3] Fig. 1 is a schematic block diagram of an MR imaging system for use with the 
present invention. 

[0014] Fig. 2 is a diagram illustrating one embodiment of a data acquisition technique in 
accordance with the present invention. 

[001 5] Fig. 3 is a diagram similar to Fig. 2, illustrating another embodiment for data 
acquisition in accordance with the present invention. 

[0016] Fig. 4 is a flow chart demonstrating a data acquisition algorithm for use with that 
shown in Fig. 2 and 3. 

[001 7] Fig. 5 is a flow chart showing the data processing steps employed either during or 
after the data acquisition of Fig. 4. 

[001 8] Fig. 6 is a plot of a number of acquisitions versus total z-FOV for four values of 
slab thickness. 

[0019] Fig. 7 is a plot of total scan time versus total z-FOV for the four values of slab 
thickness plotted in Fig. 6. 

Detailed Description 

Referring to Fig. 1, the major components of a preferred/magnetic resonance 
imaging (MRI) system 1 0 incorporating the present inv^rftion are shown. The 
operation of the system is controlled from an opep^for console 12 which includes a 
keyboard or other input device 1 3, a controLpanel 14, and a display 1 6. The console 
1 2 communicates through a link 1 8 witjp/a separate computer system 20 that enables 
an operator to control the producUem and display of images on the screen 1 6. The 
computer system 20 includes^number of modules which communicate with each 
other through a backplap^20a. These include an image processor module 22, a CPU 
module 24 and a memory module 26, known in the art as a frame buffer for storing 
image data arrays. The computer system 20 is linked to disk storage 28 and tape 
drive 30 fcrstorage of image data and programs, and communicates with a separate 
systen/control 32 through a high speed serial link 34. The input device 1 3 can include 
a/mouse, joystick, keyboard, track ball, touch activated screen, light wand, voice 



[0020] 
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control, or any similar or equivalent input device, and may be used for interactive 
geometry prescript! 



[0021] The system control 32 includes a set of modules connected together by a 

backplane 32a. These include a CPU module 36 and a pulse generator module 38 
which connects to the operator console 1 2 through a serial link 40. It is through link 
40 that the system control 32 receives commands from the operator to indicate the 
scan sequence that is to be performed. The pulse generator module 38 operates the 
system components to carry out the desired scan sequence and produces data which 
indicates the timing, strength and shape of the RF pulses produced, and the timing 
and length of the data acquisition window. The pulse generator module 38 connects 
to a set of gradient amplifiers 42, to indicate the timing and shape of the gradient 

pulses that are produced during the scan. The pulse generator module 38 can also 

'- 1 

■'t;if 

|;fj receive patient data from a physiological acquisition controller 44 that receives signals 

from a number of different sensors connected to the patient, such as ECC signals 
from electrodes attached to the patient. And finally, the pulse generator module 38 
connects to a scan room interface circuit 46 which receives signals from various 



f tfr 

S! sensors associated with the condition of the patient and the magnet system. It is also 



1 j through the scan room interface circuit 46 that a patient positioning system 48 



receives commands to move the patient to the desired position for the scan. 



|.& [0022] gradient waveforms produced by the pulse generator module 38 are applied 

to the gradient amplifier system 42 having G , C , and G amplifiers. Each 

x y z 

gradient amplifier excites a corresponding physical gradient coil in a gradient coil 
assembly generally designated 50 to produce the magnetic field gradients used for 
spatially encoding acquired signals. The gradient coil assembly 50 forms part of a 
magnet assembly 52 which includes a polarizing magnet 54 and a whole-body RF coil 
56. A transceiver module 58 in the system control 32 produces pulses which are 
amplified by an RF amplifier 60 and coupled to the RF coil 56 by a transmit/receive 
switch 62. The resulting signals emitted by the excited nuclei in the patient may be 
sensed by the same RF coil 56 and coupled through the transmit/receive switch 62 to 
a preamplifier 64. The amplified MR signals are demodulated, filtered, and digitized in 
the receiver section of the transceiver 58. The transmit/receive switch 62 is controlled 
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by a signal from the pulse generator module 38 to electrically connect the RF amplifier 
60 to the coil 56 during the transmit mode and to connect the preamplifier 64 to the 
coil 56 during the receive mode. The transmit/receive switch 62 can also enable a 
separate RF coil (for example, a surface coil) to be used in either the transmit or 
receive mode. 

The MR signals picked up by the RF coil 56 are digitized by the transceiver module 
58 and transferred to a memory module 66 in the system control 32. A scan is 
complete when an array of raw k-space data has been acquired in the memory module 
66. This raw k-space data is processed as necessary and rearranged into separate k- 
space data arrays for each image to be reconstructed, and each of these is input to an 
array processor 68 which operates to Fourier transform the data into an array of 
image data. This image data is conveyed through the serial link 34 to the computer 
system 20 where it is stored in memory, such as disk storage 2 8. In response to 
commands received from the operator console 12, this image data may be archived in 
long term storage, such as on the tape drive 30 or any mass storage device, or it may 
be further processed by the image processor 22 and conveyed to the operator console 
1 2 and presented on the display 1 6. 

jj ■ 

■ t ! :1 [0024] The present invention includes a method and system suitable for use with the 

?! 'if 

Q above-referenced MRI system, or any similar or equivalent system for obtaining MR 

images. When used with a trajectory that is uniform in the direction of table motion, 
such as z, data acquired in sections to form large FOV 3D images can be acquired 
without significant slab-boundary artifacts. 

[0025] 

As is known, in any MRI system, there is a limited spatial volume having optimal 

gradient linearity, uniform magnetic polarizing field B , and uniform RF 

o 

homogeneity. Larger volumes are traditionally imaged in sections with table motion 
between scans that result in concatenated images that exhibit discontinuities at slab 
junctions. The present invention includes a 3D imaging technique that steps the table 
position in increments during the scanning procedure. In general, after defining the 
desired FOV, a slab thickness is selected to remain within the MRI system's optimal 
imaging volume. As a result, the slab thickness is also smaller than the desired spatial 



[0023] 



Eft 



Page 7 of 31 



coverage. MR data is acquired by repeatedly applying an excitation that excites spins 
and applying magnetic field gradient waveforms to encode the volume of interest. 
Preferably, a z slab selective RF pulse is used to excite the volume of interest in the z- 
direction and a 3D k-space trajectory encodes the volume selected. Some example of 
3D k-space trajectories include a 3D EPI k-space trajectory, a cylindrical-stack of EPI 
k-space trajectory, a stack-of-spirals k-space trajectory, a stack-of-TWIRL k-space 
trajectory, a stack-of-projection-reconstruction k-space trajectory, and a 3DFT k- 
space trajectory. More generally though, the spatial extent of the acquired data is 
restricted in the direction of motion using a method such as using a slab-selective RF 
pulse or by using an acquisition strategy that allows the acquisition filter to restrict 
the volume of interest. Therefore, in the examples shown and in a preferred 
embodiment, the direction of table motion is in the z-direction. However, as one 
skilled in the art will readily recognize, the x-y-z orientation is arbitrary and the 
invention is not so limited. In addition, in the example shown and in a preferred 
M embodiment the table moves relative to the system. However, as one skilled in the art 

rij will readily recognize it is equivalent to have the system move relative to the subject 

and the invention is not so limited. 
h • • 

i»I [0026] The table is moved to cover the desired FOV while the slab position remains fixed 

relative to the magnet in the MRI system. At each table position, full k-space data in 
jj-jj the direction of table motion is acquired for a subset of the data in the other two 

l. .i 

dimensions by using one or a series of magnetic field gradient waveforms. In the 

preferred embodiment, at each table position, full k data is acquired for a subset of 

k -k by using a series of magnetic field gradient waveforms. Preferably, no data is 
x y 

acquired during table motion, but RF excitations and magnetic field gradient 
waveforms are continued to preserve a steady-state condition. 



[0027] Referring to Fig. 2, a data acquisition and^focessing technique, in accordance 

with the present invention, is shown sd^matically. Fig. 2 illustrates one embodiment 
of the present invention for acqui^Hig data. In this embodiment, the table is step-wise 
incremented 1 5 times with daffa acquisitions 1 06 in 1 6 table positions along the 



desired FOV. Each of the'table increments are of equal distance A . A patient 100 is 

z 

positioned on a moveable table 1 02, which moves fore and aft 1 04 within the MRI 
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scanner 1 0 with respect to the magnet and the optimal imaging areayr08 of the MRI 

scanner. The desired FOV 1 10 is substantially larger than the optinf/al imaging area 

1 08, which is generally larger than a selected slab thickness 1 L2. As previously 

discussed, the table motion in this simplified example is in tfie z direction. Magnetic 

field gradient waveforms are designed to encode four k X-k subsets (N . = 4) with 

* y wf 

a total of 16 table positions and data acquisition sets/f06. At each table position 1- 

1 6, there are four data acquisitions encoding four^R levels that result in four z- 

pixels in the excited slab after Fourier transformation in the z direction (N = 4). N 

' z z 

and the retained slab thickness may be reduced slightly after acquisition if edge slices 

are dropped from each z-k -k data set to minimize the effect of imperfections in 

x y 

the slab profile. It is understood thaydie optimal imaging area 1 08 is defined by the 
physical characteristics of the MRJ/system 10. It is preferred to define a volume of 
interest, or slab, 1 1 2 to be witknn the optimal imaging area 1 08. 

[0028] It is noted that when W = N . each of the table increments throughout the 

/ z wf 

desired FOV 1 1 0 are ofrequal distance. Accordingly, any of the aforementioned 

parameters can be adjusted as desired. That is, the slab thickness 1 14 may be made 

larger or smalleryor the number of table positions and data acquisition sets 1 06 can 

be increased or decreased, above or below the 1 6 that are shown. The minimum 

number of t^ble positions desired to reconstruct an image is equal to the number of 

waveform^ubsets, N . Additionally, the number of z-pixels, N , retained in each 
wf z 

excitec/slab, as well as the number of k -k subsets can be modified as desired. 

x y 

Preferably however, N is kept greater than or equal to N r . One such modification 
' z wf 



[0029] 



j| be described with reference to Fig. 3. 



Still referring to Fig. 2, it is noted that each table position 1 -16, includes complete 

sampling in the direction of table motion which in this case is the z-direction, for a 

subset of the k -k data, or more generally, in the directions perpendicular to the 
x y 

direction of table motion. Accordingly, either after all the data at each table position is 

acquired, or after all the data is acquired for a complete image, the data is Fourier 

transformed in the direction of table motion, in this case in the z direction, FFT(z), to 

form an array of z-k -k data 1 20. The patient table 1 02 is moved in steps until the 
x y 

entire FOV 1 10 is covered. As indicated, at each table position, full z-encoding data, 
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m 



or encoding data in the direction of table motion, is acquired for a subset of the k - 

x 

k data, which are the two directions perpendicular to the table motion. While no data 

y 

is acquired while the table is moving, it is desirable to continue the RF excitations and 
magnetic field gradient waveforms to preserve the steady-state condition. Further, it 
is desirable that over-sampling of MR data in a first direction, such as z-direction, is 
avoided. 

[0030] After Fourier transforming with respect to z, or the direction of table motion, data 

acquired at different table positions are then sorted and aligned to match anatomic z 

locations, thereby filling the z-k -k space. In general, the table step distances are 

x y 

multiples of the z-resolution and are selected to ensure complete sampling of the z-k 

-k matrix. As previously indicated, after the acquired data are Fourier transformed 
x y 

with respect to z, data at the slab edges can be dropped as required by imperfections 



in the slab-select profile. A final reconstructed image 1 30 is formed by gridding, if 
' necessary, and Fourier transforming the fully sampled data array 1 20 with respect to x 

and y. 



[0031] 



For complete sampling, the number of z-pixels retained, N , must be at least 



:'1 equal to the number of k -k waveform subsets, N e . However, referring to Fig. 3, 

i.y x y wf 

lij which also. illustrates a simple example assuming table motion in the z direction, 

d 

rH increasing the slab thickness 132 while maintaining the z resolution results in an 

i' 1 ^ increase in the number of z-pixels, N that are encoded at each table position. In 

this example, N = 8 for 4 k -k subsets (N = 4). Because N is greater than N 
z x y wf z 

, the table increments are not all equal, as shown in Fig. 2. That is, the distance 

wf 

between table positions 1,2,3, and 4, is less than that between table positions 4 and 

table position 5. Therefore, using a thicker slab, fewer movements of the table are 

required for the same spatial coverage. This results in an overall faster acquisition for 

the same size FOV, as compared to that in Fig. 2, if the time to initiate table motion is 

long relative to the time for a single acquisition. Even though increasing the slab 

thickness, N , incrementally increases individual acquisition time for each slab, the 
z 

total scan time decreases because the time to initiate table motion dominates. Thus, 
in the case when the time to initiate table motion is long relative to the time for a 
single acquisition, scan time is minimized by minimizing the number of table 
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movements. With current equipment, it typically takes approximately one second to 
initiate table motion. While reducing this time is the long-term desired solution, it is 
not practical in the short term since it requires significant changes to the system 
architecture. 

[0032] Still referring to Fig. 3, after step-wise translating the patient table through the 

entire FOV 1 1 0 and acquiring data set 1 34, the data is Fourier transformed with 

respect to z to obtain a z-k -k data set 1 36. The data acquired at different table 

x y 

positions can then be sorted and aligned to match anatomic z locations. A final image 
1 38 is reconstructed by again first gridding, if necessary, and then Fourier 
transforming the fully sampled data with respect to x and y, FFT (xy). 

[0033] To generalize, the table step distances are multiples of the pixel size in the 



*J direction of table motion and are selected to ensure complete sampling of the 3D 

i'fi matrix. The number of table steps required depends on the relative number of pixels 

jj A* 

retained in the excited slab, N , for the case of motion in the z direction, and the • 

$ z 

j jj number of magnetic field gradient waveform subsets required to fully encode the 

dimensions perpendicular to table motion, N ,. . As previously indicated, for 

if wf 

I! 3 complete sampling, N should be at least equal to N . However, if N is greater 

y z wf z 

1 1 than N , faster overall scan times are achievable. It is noted that the subsets of 

Wf 

tif magnetic field gradient waveforms, (g g ) are defined by one or a series of such 

a x v 

j,£ waveforms that differ between subsets. This set, or series, of magnetic field gradient 



[0034] 



waveforms, that encode the k , k subsets, are then repeated in a cyclic manner to 

x y 

obtain the data sets 1 06, Fig. 2, and 1 34, Fig. 3. 



The present technique can be used with any 3D k-space trajectory that is uniform 

in the direction of table motion. In one embodiment implemented on a system with 

table motion in the z direction, a cylindrical stack of EPI trajectory (CSEPI) sequence 

was utilized that phase encodes in k between planes of interleaved EPI waveforms 

that are clipped to a circle in k -k . The data is gridded before Fourier 

x y 

transformation in x and y. The waveforms were designed with C =22 mT/m and 

max 

a slew rate of 1 20 mT/m/ms. Since k-space data for a single anatomic location is 
being compiled from data collected at different table positions, any variation in phase 
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[0035] 



or amplitude in the direction of table motion will result in image artifacts. To minimize 
such artifacts, one embodiment uses a linear phase slab-select RF pulse with sharp 
transitions and low in-slice ripple, for example 0.5%, and drops one slice at each slab 
edge. Frequency variations in the direction of table motion that result from magnetic 
field inhomogeneity are demodulated during reconstruction. Further, decreasing the 
slab thickness also decreases the sensitivity to such variations. 

Fig. 4 is a flow chart for a data acquisition sequence in accordance with the 
techniques of Figs. 2 and 3. After the data acquisition sequence is initialized 1 40, the 
table is positioned at the first location of the desired FOV and a variable i is initialized 
142. MR data is acquired by repeatedly exciting spins using an RF pulse and applying 
magnetic field gradient waveforms to encode the volume of interest 1 44. Assuming 

•A 

,!S table motion in the z-direction, all k data are acquired for the selected k -k 

In z x y 

I" 9 subset, that are in the dimensions perpendicular to table motion 1 46. The spatial 

j extent in the direction of table motion is restricted using a restriction method such as 

I 1 ; b 

- ® either a slab-selective RF excitation or by acquiring data in such a way that the 

p 

acquisition filter can be used to restrict the slab thickness. It is noted that for phase 



j'fj encoding in the direction of table motion the RF pulse is repeatedly applied prior to 

v, -if 

l|j each acquisition 1 47 until all k data is acquired 1 46. For readout in the direction of 

V H Z 

l | table motion, each RF pulse is applied at 144 followed by acquisition of complete k 

M data for the selected k -k subset 146. As long as the end of the FOV is not reached 

x y 

1 48, 1 50, the variable i is incremented 1 52 and the system checks whether a 

complete set of magnetic gradient field waveform subsets has been acquired 154. 

That is, as long as the variable i is not an even multiple of N 154,1 56, the table is 

wf 

moved a distance equal to the resolution in the direction of table motion 1 58, and the 

next slab becomes the current slab at 1 44 and data is again acquired at 1 46. After a 

complete series of subsets have been acquired 154, 160, the system determines if the 

next table increment is in accordance to that described with reference to Fig. 2 or Fig. 

3. That is, if the number of magnetic gradient field waveforms is equal to the number 

of pixels retained in the slab in the direction of table motion (N „ = N ), the table is 

wf z 

moved a distance equal to the z-resolution, or in the direction of table motion 1 62, as 
in Fig. 2, and the data acquisition sequence continues 1 44, 1 46. Otherwise, where N 
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is greater than N 1 62, such as in Fig. 3, the table is moved a distance according to: 
wf 

[0036] (N - N + 1) x (z-resolution), Eqn. 1. 
z wf 

[0037] and data is again acquired for the new slab 144, 146, until all the slabs have been 
scanned across the FOV 1 48, 1 68 which completes the scan at 1 70. Again, the 
direction of table motion is arbitrarily chosen and represented as a z-direction. 
However, the invention is not so limited. As one will readily recognize, the assignment 
of any character set can be used to represent a three dimensional axis. 

[0038] It is noted that at each table position such as the acquisition at table position 1 in 
Figs. 2 and 3, unique magnetic gradient waveforms or a set of waveforms on the 
gradient axes perpendicular to the direction of table motion (transverse waveforms) 
are applied in conjunction with the gradient waveform or waveforms required to 
acquire a complete set of data in the direction of table motion. At table positions 2, 3, 
and 4, different magnetic gradient field waveforms or sets of waveforms are applied 
on the axes perpendicular to the direction of table motion. The next series of table 
positions, 5-8, Figs. 2 and 3, use the same magnetic field gradient waveforms as in 
the data acquisitions 1-4. Therefore, the variable i is used to also increment the 
application of the proper magnetic field gradient waveforms for the series, and when a 
series is complete, the same waveforms are recycled in the next series. 

[0039] Referring now to Fig. 5, a data processing scheme in accordance with the present 

invention is shown in flow chart form. Once initiated 1 80, which can either be as data 

is being acquired on-the-fly, or after all data has been acquired, the MR data is 

Fourier transformed in the direction of table motion, z in this case, at 1 82, and if 

necessary, the data is corrected for shim errors in that direction 1 84. After Fourier 

transformation, the data at the edge boundaries of the slab are discarded as required 

186, which results in N data elements in the direction of table motion. The data is 

z 

then aligned to match anatomic locations at 1 88 and then, if necessary, the data may 
be gridded and corrected for shim errors in the remaining two directions at 190. The 
data is then Fourier transformed in the transverse dimensions at 1 92 to reconstruct 
the final image 1 94. 
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[0040] Fig. 6 is a graph plotting a number of acquisitions versus total FOV in the 

direction of table motion for three values of slab thickness and a single acquisition. In 
this exemplary acquisition having 1 8 transverse magnetic field gradient subsets and 1 
mm resolution in the direction of table motion, the baseline 200 represents a single 
acquisition (i.e., no table movement), with the entire FOV acquired as a single large 
volume. The rippled line 202 shows the acquisition for a 1 .8 cm slab, while the next 
plot 204 shows that for an 8 cm slab, and the largest stepped plot 206 is that for a 30 
cm slab. Referring to Fig. 7, the total scan time for each of the acquisitions of Fig. 6 
are shown plotted against total FOV in the direction of table motion in centimeters. 
Plot 210 corresponds to the 1 .8 cm. slab acquisition, which took the longest total 
time because of the many table movements, while plot 2 1 6 is that of the single 
acquisition, which was the fastest. Between plots 210 and 216, the acquisition times 
for the 8 cm slab are shown by plot 2 1 2 and the 30 cm slab by plot 2 1 4. Each of these 
acquisitions assumes 32 ms for each repetition of excitation plus acquisition of 
encoded data and one-second for each table movement. In this example, where the 
time to initiate table motion is long relative to the time required for a single 
acquisition, it is evident that the larger the slab thickness, the faster the scan times 
that can be achieved since fewer table motions are required. 

[0041] 

Accordingly, the present invention includes a method of imaging large volumes 
without resulting slab-boundary artifacts that includes defining a desired FOV larger 
than an optimal imaging volume of an MR scanner, selecting a slab thickness in a first 
direction that is smaller than the desired FOV, but within the optimal imaging volume 
of the MR scanner, then exciting and encoding spins to acquire data that is restricted 
to the selected slab thickness. MR data is acquired that includes full encoding data in 
the direction of table motion for a subset of another two directions, then step-wise 
moving one of the optimal imaging volume and an imaging object to acquire another 
set of MR data. This process of acquiring sets of MR data and step-wise moving the 
table is repeated until the desired FOV is covered. In a preferred embodiment, each 
MR data acquisition includes acquiring all k-space data in the direction of table 
motion for a selected subset of the two transverse dimensions, and further includes 
defining a set or series of magnetic field gradient waveforms that encode a 3D k- 
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space trajectory that is uniform in a k-space dimension along the direction of step- 
wise movement. 

[0042] The invention also includes an MRI apparatus, such as that disclosed with 

reference to Fig. 1 , having a patient table moveable fore and aft in the MRI system 
within the magnet and a computer programmed to receive input defining a desired 
FOV larger than an optimal imaging volume of the MRI system. The MRI system 
comprises a plurality of gradient coils positioned about a bore of a magnet to impress 
a polarizing magnetic field, and an RF transceiver system and an RF switch controlled 
by a pulse module to transmit RF signals to an RF coil assembly to acquire MR images. 
The computer is programmed to define a fixed slab with respect to the magnet to 
acquire MR data and acquire full MR data in the direction of table motion for a 
selected subset of data in the directions perpendicular to the direction of table 
motion. The patient table is incremented while maintaining position of the fixed slab, 
and the system is further programmed to repeat the acquisition and increment steps 
until an MR data set is acquired across the desired FOV that is sufficient to reconstruct 
an image of the FOV. 

[0043] Additionally, the present invention also includes a computer program to control a 
medical image scanner and create images across scanning boundaries without 
boundary artifacts. The computer program has a set of instructions to control a 
computer to select an FOV spanning an area greater than a predefined optimal 
imaging area of the medical image scanner and acquire MR data by repeatedly 
applying an RF pulse to excite a region in the selected FOV and magnetic field 
gradients to encode the region in a direction. The instructions further control the 
computer to apply a k-space trajectory to encode the region in the direction of table 
motion and acquire data for a subset of a second and third direction. The computer 
program includes instructions to reposition the predefined optimal imaging area with 
respect to an imaging object and repeat the image data acquisition and the imaging 
area incremental reposition until complete image data are acquired across the entire 
FOV to reconstruct an image of the FOV. 

[0044] 

The present invention results in images that are free of slab-boundary artifacts 
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and allows spatial coverage that is limited only by the range of table motion. Using 
thicker slabs, with unequal table steps, reduces the scan time for systems in which the 
time to initiate table motion is long relative to the time required for a single data 
acquisition. Applying time-varying magnetic field gradients during signal acquisition 
can further reduce scan times. 

[0045] The present invention has been described in terms of the preferred embodiment, 
and it is recognized that equivalents, alternatives, and modifications aside from those 
expressly stated, are possible and within the scope of the appending claims. 



q 
h 

id 



Page 16 of 31 



